Abstract
The implementation of next generation ultrathin electronics by applying highly promising dimensionality-dependent physical properties of two-dimensional (2D) semiconductors is ever increasing. In this context, the van der Waals layered semiconductor InSe has proven its potential as photodetecting material with high charge carrier mobility. We have determined the photogeneration charge carrier quantum yield and mobility in atomically thin colloidal InSe nanosheets (inorganic layer thickness 0.8 -1.7 nm, mono-/double-layers, ≤5 nm including ligands) by ultrafast transient terahertz (THz) spectroscopy. A near unity quantum yield of free charge carriers is determined for low photoexcitation density. The charge carrier quantum yield decreases at higher excitation density, due to recombination of electrons and holes, leading to the formation of neutral excitons. In the THz frequency domain we probe a charge mobility as high as 20 ± 2 cm 2 /Vs. The THz mobility is similar to field-effect transistor mobilities extracted from unmodified exfoliated thin InSe devices. The current work provides the first results on charge carrier dynamics in ultrathin colloidal InSe nanosheets.
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Two-dimensional (2D) semiconductors have gained steadily increasing interest in recent years due to physical properties, which are significantly different from their bulk counterparts. The tunability of the optical and electronic properties by variation of material thickness and composition offers promising prospects for application in optoelectronic devices [1] [2] [3] [4] with high charge mobilities 5 and efficient charge carrier multiplication. 6 InSe is a layered 2D van der Waals structure, which has been successfully applied as highly responsive (87 µs) photodetector 7 and in field-effect transistors (FETs) with high charge mobility (µ = 1000 cm 2 /Vs). Fig. 1 for optical absorption and TEM image).
Ultrathin InSe nanosheets obtained by this method enable band gap tuning into higher energy regions that are scarcely reachable by exfoliated InSe layers. 14 InSe undergoes a direct-to-indirect band gap transition when reducing its layer thickness (see Fig. 2 for band structure), which causes a decrease of the photoluminescence (PL) efficiency. 9, 15 Interestingly, the PL efficiency of thin InSe layers could be enhanced recently by nanotexturing.
14 Until now, no time-resolved spectroscopic methods have been applied to assess the charge carrier photogeneration, mobility and decay in ultrathin InSe. In the present work, we use time-resolved terahertz (THz) conductivity measurements, which allow us to distinguish free electrons and holes from bound electron-hole pairs in the form of excitons. We probe the photogeneration charge carrier quantum yield and mobility in ultrathin colloidal InSe nanosheets and find a quantum yield near unity under low excitation density, while at higher density also excitons are formed. The THz mobility of free charge carriers in InSe nanosheets is as high as 20 ± 2 cm 2 /Vs.
We synthesized ultrathin InSe nanosheets analogously to the method described in ref. to the ultrathin InSe nanosheets described previously (see Fig. S1 for absorption spectrum in solution with slight feature at ~600 nm). 9 Effects due to reflection or scattering from the samples are directly accounted for by performing absorption measurements inside an integrating sphere.
The PL spectrum is broad with a maximum at 590 nm (see Fig. S1 ), originating from weak radiative recombination. 9 At short wavelengths the absorption spectrum in Fig. 1a levels off at 60 %, the remaining fraction of light is reflected. lead to an imaginary component of the photoconductivity, which can be determined from the phase-retardation of the THz electric field. [18] [19] Fig . 3a shows the quantity S(t) = Φ e (t)µ e + Φ h (t)µ h , as a function of time, t, after photoexcitation, which is the sum of the product of the quantum yield of electrons, Φ e (t) and holes, Φ h (t), and the real mobility component of their mobility, (µ e and µ h ), averaged over a frequency range of 0.3-0.7 THz. At early times, the real THz conductivity exhibits a fast decay with a value S(t) = 20 ± 2 cm 2 /Vs after ~4 ps. The ultrafast initial decay is assigned to the relaxation of highly mobile hot charges to the band edge, where the mobility appears to be lower (see Fig. 3a inset). [20] [21] [22] Decay on longer times occurs due to recombination and/or trapping of the charge carriers. The decay for the higher photoexcitation density (red, N a = 9.7 × 10 13 photons/cm 2 ) in Fig 3a is somewhat faster than for the lower density (black, N a = 1.5 × 10 13 photons/cm 2 , see Fig. S2 for more photoexcitation densities). This can be understood, since on increasing the charge carrier density higher-order radiative-and Auger-recombination become faster. The signal S(t) was found to be similar for photoexcitation densities lower than 4.7 × 10 13 photons/cm 2 . Hence, for these lower densities effects of Coulomb interactions on charge mobility and higher-order recombination can be neglected. In addition, an increase of the stabilizing ligand length of InSe nanosheets from decyl-to octadecylamine did not affect the results for S(t). We conclude that the distance between the stacked nanosheets does not influence the dynamics of charge carriers. Fig. 3b shows that the decay kinetics of the real and imaginary components of the normalized THz conductivity are the same for low excitation density (1.5 × 10 13 photons/cm 2 ). This means that at low density the contribution of excitons to the imaginary conductivity is negligible.
Interestingly, Fig. 3c shows that for higher photoexcitation density (9.7 × 10 13 photons/cm 2 ), the normalized imaginary THz conductivity on times below 200 ps is larger than the real component.
This contribution to the imaginary conductivity increases with photoexcitation density, see for the low photoexcitation density of 1.5 × 10 13 cm -2. , in agreement with the absence of a significant contribution of excitons to the THz conductivity in Fig. 3b . At the highest density (9.7 × 10 13 cm -2 ), we calculate a significant exciton fraction ! = 0.22, which explains the contribution of excitons to the THz conductivity on times below 200 ps in Fig. 3c (see Fig. S4 for an increase of the contribution of excitons to the imaginary THz conductivity with increasing photoexcitation density).
Fig. 3. a)
Sum of the product of the quantum yield Φ of electrons and holes and their real mobility, averaged over a frequency range of 0.3 -0.7 THz for low (black) and high (red) photoexcitation densities of 1.5 × 10 13 resp. 9.7 × 10 13 cm -2 . The ultrafast initial decay on times below 4 ps (see inset) is assigned to relaxation of hot charge carriers to the band edge. After the initial relaxation, the sum of the electron and hole mobility equals 20 ± 2 cm 2 /Vs, b) Normalized real and imaginary THz conductivity (low density: 1.5 × 10 13 photons/cm 2 ) plotted on top of each other exhibit the same decay kinetics, which underpins the formation of mainly free charge carriers, c) Normalized real and imaginary THz conductivity at a higher photoexcitation density with the decay of the real and imaginary conductivity exhibiting significant differences. Up to 200 ps, the imaginary conductivity shows an additional contribution due to an increased fraction of excitons at higher photoexcitation density. Recent studies on DC mobilities of charges in exfoliated InSe report values as high as 1000 cm 2 /Vs. 5, 8 However, the authors describe the mobilities to be highly dependent not only on the thickness of the InSe (1000 cm 2 /Vs for a 35 nm thick InSe layer), but also on the dielectric interface/layer used for the production of the FET devices. The thinnest InSe layers studied in FETs were 10 nm thick and deposited on a simple SiO 2 dielectric, yielding a low mobility of 2.2 cm 2 /Vs that could be enhanced to 208 cm 2 /Vs by modifying the dielectric to PMMA/SiO 2 .
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The authors account the huge differences in the mobilities to interfacial Coulomb impurities that lead to scattering of the charge carriers and reduced mobilities in simple SiO 2 -based devices. 8 The variation of the results on the mobility of InSe underpins the need for a method to determine the "intrinsic" mobility of the compound of interest. Time-resolved terahertz spectroscopy as non-contact AC mobility probe for straightforward wet-chemically processed ultrathin InSe nanosheets yields a mobility as high as 20 ± 2 cm 2 /Vs, without effects resulting from a dielectric interface. We estimate a near unity free charge carrier quantum yield in ultrathin InSe under low photoexcitation density, making it a desirable material for ultrathin electronic applications.
EXPERIMENTAL AND METHODS SECTION
The modified synthesis of InSe nanosheets is described in the Supporting Information; the original synthesis can be found in ref. 9 .
THz Conductivity Measurements
The frequency dependent mobility of charge carriers in ultrathin InSe nanosheets was determined by time-domain THz spectroscopy. The laser system used has been described for transient absorption and THz conductivity measurements previously [29] [30] [31] and data acquisition is briefly discussed here. 18, [29] [30] [31] [32] InSe nanosheets are excited with 60 fs laser pulses and the conductivity due and yields:
where c is the speed of light, L is the thickness of the sample, ! is the vacuum permittivity, and ( ) is the dielectric function of the sample. ( ) = !"" = 3 is the effective refractive index of InSe at THz frequencies. 33 Using the real conductivity due to free charges only
with e the elementary charge, ! ( ! ) the mobility of electrons (holes) and ! ( ! ) the average density of electrons (holes). For an absorbed photoexcitation density per unit area ! = ! ! (I 0 is the pump laser fluence (incident photon density per unit area), F A is the fraction of photons absorbed), !,! = Φ !,! ! / , we can determine the sum of the product of the photogeneration charge carrier quantum yield and the electron and hole mobility as:
Note that equation (3) does not require the actual sample thickness L, but only the photoexcitation density N a per unit area.
DFT Calculations
The band structure of a single InSe monolayer was calculated at the density functional level of theory (DFT). These calculations were performed with the BAND program included in the Amsterdam Density Functional (ADF) package. 34 A single unit cell containing 2 In atoms and 2
Se atoms was considered with periodic boundary conditions only in the plane of the monolayer as BAND allows true two-dimensional calculations. The geometric structure of the monolayer was first optimized using a small DZP basis set and the Local Density Approximation (LDA) to compute the exchange and correlation functional. The relaxed geometry at the DZP/LDA level was then used to compute the band structure at higher level of theories. We have used a larger basis set here, namely TZ2P and the PBE functional to evaluate the electronic structure of the material. Spin-orbit coupling is explicitly included in the calculations. The charge effective masses were calculated from the curvature of the band edges. 
TEM Characterization
TEM imaging was conducted with a JEOL-JEM 1400 operating at 120 kV.
Optical Characterization
Optical absorption spectra of thin films and solutions in toluene were measured with a PerkinElmer Lambda 1050 spectrometer equipped with an integrating sphere. 
